Helicase ATPase activity of the Tobacco mosaic virus 126-kDa protein modulates replicase complex assembly  by Wang, Xiao et al.
Virology 402 (2010) 292–302
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roHelicase ATPase activity of the Tobacco mosaic virus 126-kDa protein modulates
replicase complex assembly
Xiao Wang a,c, Zvi Kelman b, James N. Culver a,c,⁎
a Cell Biology and Molecular Genetics, University of Maryland, College Park, MD 20742, USA
b Center for Advanced Research in Biotechnology, University of Maryland Biotechnology Institute, 9600 Gudelsky Drive, Rockville, MD 20850, USA
c Center for Biosystems Research, University of Maryland Biotechnology Institute, College Park, MD 20742, USA⁎ Corresponding author. Center for Biosystems Rese
Biotechnology Institute, College Park, MD 20742, USA. F
E-mail address: jculver@umd.edu (J.N. Culver).
0042-6822/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.virol.2010.03.019a b s t r a c ta r t i c l e i n f oArticle history:
Received 21 January 2010
Returned to author for revision
21 February 2010
Accepted 11 March 2010






RNA bindingMutationsdisruptinghelicasedomainmotifs of the Tobaccomosaic virus126/183-kDaproteinswere investigated for
their effect on replicase functionandassembly. Thesemutations inhibitedvirus replicationbutdidnot affect 126-kDa
induced N gene resistance or RNAi suppression. However, in vivo expressed 126-kDa motif mutants yielded two
distinct cytoplasmic phenotypes that correlated with ATPase activity. Speciﬁcally, ATPase active 126-kDa proteins
produced small cytoplasmicbodies that resembled theovoid granular-likebodies foundearly in virus infectionwhile
126-kDa proteins defective in ATPase activity produced large tubule containing cytoplasmic bodies similar to those
observed late in infection. Additional studies indicate that the helicase ATPase activity resides predominantlywithin
monomer anddimer helicase forms and thatmotifs affecting ATPase activity induce alterations in helicase assembly.
Combined these ﬁndings indicate that helicase ATPase activity modulates the progression of replicase complex
assembly and maturation.arch, University of Maryland
ax: +1 301 314 9075.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Positive-strand RNA viruses, including those infecting plants and
animals, all form host membrane-associated virus replication complexes
(VRCs) (Egger et al., 2000; Lyle et al., 2002; Ortin and Parra, 2006; Schaad
et al., 1997; Schwartz et al., 2002). These complexesare composedofboth
viral and host components and serve as sub-cellularmodules, supporting
viral genome expression and replication. In addition, viral encoded
components of the VRC, speciﬁcally the replication proteins, can
contribute to other viral processes including the suppression of host
defenses, cellular reprogramming, and inter-cellular virus movement
(Ding et al., 2004; Kawakami et al., 2004; Kubota et al., 2003; Ortin and
Parra, 2006; Whitham et al., 1996). This diversity of functions suggests
the presence of speciﬁc mechanisms that modulate replicase function
and VRC formation.
Similar to other positive-strand RNA viruses, Tobacco mosaic virus
(TMV) replicates in close association with ER-derived host membranes
(Heinlein et al., 1998; Más and Beachy, 1999). The genome of TMV
encodes two co-terminal 5′ proximal open reading frames: a 126-kDa
protein terminated by an amber stop codon and a readthrough 183-kDa
protein, occurring ∼5% of the time, that encodes the RNA-dependent
RNA polymerase domain (Goelet et al., 1982). Both 126- and 183-kDa
proteins possess an N-terminal methyltransferase (MT) domain and a126-kDa C-terminal helicase (HEL) domain (Fig. 1A). Biochemical
characterizations have identiﬁed guanylyltransferase-like activity in-
volved in viral RNA capping from the N terminus of the 126-kDa protein
and NTPase and RNA-unwinding activity derived from the C-terminal
helicase domain (Dunigan and Zaitlin, 1990; Erickson et al., 1999;
Goregaoker and Culver, 2003; Merits et al., 1999). Both TMV replication
proteins are also major components of the membrane-associated VRCs
(Más and Beachy, 1999; Osman and Buck, 1996). Within infected cells,
the 126- and 183-kDa proteins appear to form cytoplasmic amorphous
and rope-like structures embedded within a ribosome-rich and
membrane associated matrix containing the viral movement protein,
host proteins and the host ERmembrane system (dos Reis Figueira et al.,
2002; Esau and Cronshaw, 1967; Hills et al., 1987; Más and Beachy,
1999; Saito et al., 1987). TMV derived VRCs also associate with cellular
microtubules and microﬁlaments, potentially facilitating the intracellu-
lar trafﬁcking of viral RNA (Heinlein et al., 1998; Liu et al., 2005;Más and
Beachy, 1999). Although the molecular structure of the TMV VRC has
not been determined, an immunopuriﬁed heterodimer consisting of
126- and 183-kDa proteins has been shown to exhibit both template-
dependent and template-speciﬁc RNA polymerase activities (Watanabe
et al., 1999), suggesting that functional replication resides within small
order assemblies of these proteins. The various forms and functions of
the TMV VRC indicate that it is a dynamic entity with unique
functionalities potentially imparted by various structural conﬁgurations
of the 126- and 183-kDa proteins.
Studies indicate that there are a diversity of mechanisms involved in
the recruitment of cellular membranes and the assembly of functional
Fig. 1. Expression and puriﬁcation of TMV helicase peptides. (A) Schematic
representation of TMV 126-kDa and 183-kDa proteins indicating the locations of the
helicase motifs and mutations. Amino acid numbers shown in parenthesis. MT,
methyltransferase; HEL, helicase; POL, polymerase. (B) Nickel column puriﬁed helicase
products (∼15 µg each) resolved by SDS-PAGE gel and stained with Coomassie blue.
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and Strauss, 1994; van der Heijden and Bol, 2002). For example, some
viral replication proteins, such as Flock house virus protein A or Brome
mosaic virus (BMV) protein 1a encode membrane spanning or
amphipathic α-helices respectively that directly promote associations
with cellular membranes (Liu et al., 2009; Miller and Ahlquist, 2002).
Alternatively, replicase–membrane interactions can occur indirectly
through interactions with host encoded transmembrane proteins as
appears to be the case for TMVwhose replication proteins associatewith
two integralmembrane proteins, TOM1 and TOM3, that are required for
efﬁcient virus replication (Yamanaka et al., 2000). How these compo-
nents coordinate with the host membrane system in the assembly of an
active VRC is still unclear. For TMV, expression of the 126-kDa protein in
the absence of other viral components is sufﬁcient to direct the assembly
of ER-associated complexes, suggesting that the 126-kDa protein plays a
key role in recruiting and organizing viral and host components within
the VRC (dos Reis Figueira et al., 2002; Liu et al., 2005).
Using the yeast two-hybrid system, a self-interaction within the
helicase domain of the TMV 126-kDa protein has been identiﬁed
(Goregaoker and Culver, 2003; Goregaoker et al., 2001). Disruption of
this interactionbymutagenesis affects virus replication (Goregaoker et al.,
2001). Helicase domains have been widely reported to be encoded by
many RNA viruses and are generally considered to function in unwinding
RNA duplexes formed during virus replication and the removal of
secondary structures from RNA templates via NTP hydrolysis (Kadri and
Haenni, 1997). Helicases can be classiﬁed into distinct superfamilies
deﬁned by amino acid sequence similarity (Gorbalenya et al., 1989;
Gorbalenya et al., 1990; Singleton et al., 2007). The TMV RNA helicase
belongs to superfamily one (SF1) and contains ﬁve conservedmotifs (I, II,
III, V, and VI) (Fig. 1A). Interestingly, the TMV 126-kDa protein and its
helicase domain are implicated in the regulation of several host responses
including cell to cell movement, the elicitation of N gene resistance, the
suppression of host mediated RNAi defenses and the development of
symptoms (Abbink et al., 2001; Bilgin et al., 2003; Ding et al., 2004;
Erickson et al., 1999; Goregaoker et al., 2001; Hirashima and Watanabe,
2001; Kubota et al., 2003; Padgett and Beachy, 1993; Padmanabhan et al.,2005). The multi-functional nature of this domain suggests that its
contributions in VRC assembly and function are likely to be highly
regulated.
In this study,we investigated the functional effect of the TMV126-kDa
domain on replicase function and VRC assembly. Point mutations within
the well-conserved helicase motifs (I, II, V, VI) were found to disrupt
either ATPase and/or RNA binding activities as well as inhibit virus
replication. However, these mutations did not disrupt the ability of the
replication proteins to induce N gene resistance or RNAi suppression.
Furthermore, biochemical and cellular analyses demonstrated that
mutant helicases alsomaintained their ability to self-associate, indicating
that the overall structural features of the replication proteins are not
signiﬁcantly altered by the mutations. However, disruption of ATPase
activity but not RNA binding correlated with the inability of the 126-kDa
protein to form wild-type-like early infection VRCs, suggesting an
essential role for helicase ATPase activity in regulating VRC maturation.
Additional structural studies indicate ATPase activity resides within the
monomer and dimer forms of the helicase, suggesting that lower order
replication protein aggregates function in active virus replication and
coordinate VRC maturation.
Results
Expression and puriﬁcation of recombinant helicase peptides
Sequence comparisons with other SF1 helicases show the TMV
helicase domain encodes ﬁve conserved motifs (I, II, III, V, and VI)
involved in ATP hydrolysis and RNA binding. To characterize the effect
of these activities on VRC assembly, mutations were used to disrupt
individual helicasemotifs. Speciﬁcmutations included: K839S inmotif
I, previously shown to inhibit ATPase activity (Lewandowski and
Dawson, 2000); E907Awithinmotif II; H1040A inmotif V; and R1076A
withinmotif VI (Fig. 1A). Individualmutation siteswere selected based
on their conservation within SF1 motifs (Caruthers andMcKay, 2002).
An additional mutation, V1087I, located outside of the helicase motifs
and shown to have little effect on virus infection was used as a control
(Goregaoker et al., 2001; Padmanabhan et al., 2005). Recombinant
histidine-tagged polypeptides covering the entire TMV helicase
domain (amino acids 519–1116, ∼63 kDa) of the TMV 126-kDa
protein were puriﬁed on Ni+2 afﬁnity puriﬁcation columns under
non-denaturing conditions and visualized by SDS-PAGE (Fig. 1B).
Characterization of ATPase, RNA binding and replication activities of
TMV helicase motif mutants
The effect of each mutation on helicase ATPase and RNA binding
activities was determined. Wild-type and the control V1087I proteins
were similarly capable of ATPhydrolysis andRNAbinding (Fig. 2A andB).
Helicase motifs I and II (Walker A and B) contain residues that interact
with MgATP/MgADP and promote hydrolysis (Caruthers and McKay,
2002). Mutations made in these motifs would predictably disrupt
MgATP/MgADP binding and block ATPase activity. Speciﬁcally, the
conserved K residue within motif I interacts with the phosphates
of MgATP/MgADP while the conserved E residue in motif II coordinates
Mg+2. Bothmotif I (K839S) and II (E907A)mutations disrupted helicase
ATPase activity (Fig. 2A). These mutations also displayed signiﬁcant
reductions in the ability to bind single-strandedRNA (Fig. 2B), suggesting
coordinationbetweenATPase activity andRNAbinding.Withinmotif VI a
conserved R residue interacts with the nucleotide phosphate. Disruption
of this motif VI residue by mutation R1076A inhibited ATP hydrolysis as
well as RNA binding activity (Fig. 2A and B). Thus, the coordination of
ATPase activity and RNA binding also occurs within motif VI. Residues
within motif V form an extended network of interactions between the
different motifs. However, the targeted motif V H1040 residue would
predictably interact only with nucleic acid. Consistent with this
Fig. 2. ATPase and RNA binding activities of TMV helicase peptides. (A) Chromatog-
raphy analysis of the ATPase activity derived from the helicase peptides. Reactions
contained 0.5 µCi of [32P]ATP and either 20 ng of helicase peptide (marked as 1) or
100 ng of the peptides (marked as 2). The ﬁrst lane is a buffer control containing no
helicase peptide. (B) Helicase RNA binding assay. Puriﬁed wild-type and motif mutant
helicase peptides at concentrations of 0, 15, 30, 60, 125, 250 µM were spotted onto
nitrocellulose and probed with 5 nM of a 5′ [32P]-labelled RNA oligonucleotide
(2×106 cpm) at room temperature overnight.
Fig. 3. Effects of the point mutations within the TMV helicase motif on viral replication
and host interactions. (A) Replication assay. Northern blot analysis of total RNAs
extracted from protoplasts transfected with wild-type and helicase motif mutant
recombinant viruses. (B) N gene elicitation assays. Agrobacterium-based transient
expression of wild-type or mutant helicase polypeptides in N. tabacum cv. Xanthi NN.
The empty agroinﬁltration vector or a vector expressing the GFP ORF was used as
negative controls. Photos taken at three days post inﬁltration. (C) RNAi suppression
assay. N. benthamiana leaves were co-inﬁltrated with a mixture of three agro-
inﬁltration constructs containing either V, empty vector; GFP, expressing the GFP ORF;
GFPhp, a GFP hairpin construct for inducing GFP targeted RNA silencing; 126, the full-
length wild-type 126 kDa replication protein; and 126 ks, the full-length K839S
126 kDa protein. Photos were taken under UV illumination at 3 days post-
agroinﬁltration.
294 X. Wang et al. / Virology 402 (2010) 292–302possibility motif V mutation H1040A maintained its ability to hydrolyze
ATP but was disrupted in single-stranded RNA binding (Fig. 2A and B).
To determine the effect of motif mutations on TMV replication,
individualmutationsweremoved into the full-length recombinant virus
construct and subsequent transcripts tested for infectivity by local lesion
assay in Nicotiana tabacum cv. Xanthi NN and by transfection into
tobacco protoplasts. In comparison to the wild-type and control V1087I
mutant none of the motif mutant recombinant viruses induced local
lesions (data not shown) or produced detectable levels of viral RNA in
protoplasts (Fig. 3A).
Effects of motif mutations on helicase multimerization and
host interactions
Disrupting helicase ATPase and/or RNA binding activities could
potentially disrupt the overall structural integrity of these peptides. To
determine if the created mutations signiﬁcantly alter helicase integrity
their effects on helicase domain self-association and function in speciﬁc
host interactions were examined. Immuno-precipitation assays indicate
the TMV 126- and 183-kDa replication proteins interact, forming a
heterodimer complex (Watanabe et al., 1999). Subsequently, Goregaoker
et al. (Goregaoker et al., 2001) showed the helicase domain forms
intermolecular interactions that positively correlatewith virus replication
activity in protoplast. To investigate the effects of motif mutations on
helicase protein-protein interaction in vivo, an immuno-precipitation
assaywas conducted by co-expressing a 6x-His taggedwild-type helicase
and HA-tagged wild-type or mutant helicase peptides in Nicotania
benthamiana plants via agro-inﬁltration. Results demonstrated that all of
the motif mutations maintained their ability to form intermolecular
interactions with the wild-type helicase domain in planta (Fig. 4).
Maintenance of this intermolecular interaction suggests that individual
motif mutations do not signiﬁcantly disrupt the overall structure of the
helicase domain.
TheTMVhelicasedomainand126-kDaproteinwaspreviously shown
to function as an elicitor of theN gene resistance response in tobacco and
as the viral suppressor of RNAi (Ding et al., 2004; Erickson et al., 1999;
Kubota et al., 2003; Padgett and Beachy, 1993). To further assess theeffect of individual mutations on helicase structure and function, the
ability of the individual motif mutants to induce N gene resistance was
assessed. Agro-inﬁltration of each helicasemotifmutant protein resulted
in the induction of resistance associated necrosis that did not vary in
appearance from that induced by the wild-type or the control V1087I
mutant (Fig. 3B).
The effect of the K839S motif mutant, defective in both ATP
hydrolysis and RNA binding, on the ability of the full-length 126-kDa
protein to function as a suppressor of RNAi was also investigated.
Suppressor activity was tested by co-inﬁltrating N. benthamiana leaves
with Agrobacterium tumefaciens carrying plasmids that express GFP
(35S::GFP-HDEL), a GFP RNAi hairpin construct (35S::hpGFP), and the
full-length 126-kDa suppressor (wild-type or K839S mutant). N.
benthamiana leaves expressing 35S::GFP-HDEL alone showed strong
transient GFP ﬂuorescence. Co-inﬁltration with the GFP hairpin
construct (35S::hpGFP) and the 35S::GFP-HDEL resulted in silencing
as visualized by the loss of GFP derived ﬂuorescence (Fig. 3C). The
expression of wild-type TMV 126-kDa protein suppressed the hairpin
directed silencing and restored GFP derived ﬂuorescence. Similarly,
expression of the 126-K839S mutant protein also restored GFP
ﬂuorescence indicating that loss of helicase ATP hydrolysis or RNA
binding functionsdoes not affect the suppressor function of the 126-kDa
Fig. 4. Helicase motif mutations do not disrupt helicase-helicase interaction. Co-
immunoprecipitation of wild-type (top panel) and motif mutant (middle panel)
helicase polypeptides from plant extracts. HexaHis-tagged wild-type and HA-tagged
wild-type or mutant helicase peptides were expressed in N. benthamiana leaves via an
agrobacterium-based transient expression system. Helicase complexes from leaf
extracts were precipitated using anti-polyHis antibody and the products probed with
anti-HA antibody. HA-tagged Arabidopsis proteins 14-3-3λ and PAPP2C were used as
negative controls (bottom panel).
295X. Wang et al. / Virology 402 (2010) 292–302protein. The ability of these mutations to maintain N gene recognition
and suppressor activity further suggests that individualmotifmutations
do not signiﬁcantly alter the structural integrity of the helicase domain.
ATPase activity of the 126-/183-kDa helicase domain modulates the
assembly of the VRCs
In a transient expression system, the 126-kDa replication protein
forms cytoplasmic bodies that are tightly associated with the ER,
suggesting a role for the 126-kDa replication protein in inducing the
formation of membrane-associated VRCs (dos Reis Figueira et al., 2002;
Heinlein et al., 1998). The size of these cytoplasmic bodies is also
modulated by the 126-kDa protein (Liu et al., 2005). To assess the
signiﬁcance of each helicasemotif mutant in forming these cytoplasmic
bodies, each mutation was engineered into a full-length 126-kDa-GFP
construct and transiently expressed from the CaMV 35S promoter in N.
benthamiana leaves through particle bombardment, agro-inﬁltration in
N. benthamiana leaves and electroporation into a N. tabacum cv. Xanthi
suspension cell line (Lewandowski and Dawson, 2000). Expression of
full-length 126-kDaprotein constructs inN. benthamianawas conﬁrmed
by western blot using anti-GFP antibody (Fig. 5B). Confocal ﬂuorescent
analysis demonstrated that cytoplasmic bodies formed by the different
proteins fell into two size groups (Fig. 5A, Table 1). One group consisted
of the wild-type 126 kDa protein along with the control V1087I and
motif V mutant H1040A proteins and formed small cytoplasmic bodies
averaging ∼3.8 μm in diameter (Table 1). The second group included
motif mutants K839S, E907A, and R1076A, and formed signiﬁcantly
larger inclusions ∼9 μm in diameter (Table 1). Interestingly, the size of
the cytoplasmic bodies produced corresponded to the ability of themutant construct to hydrolyze ATP. Mutants producing smaller
cytoplasmic bodies similar in size to the wild-type 126-kDa construct
were all capable of ATPase activity while mutants disrupted in ATPase
activity produced signiﬁcantly larger cytoplasmic bodies (Fig. 5A). To
further conﬁrm these size differences wild-type and motif mutant
35S::126-GFP constructs were bombarded directly into N. benthamiana
epidermal cells or electroporated into N. tabacum suspension cells
(Fig. 5C). Both methods produced results similar to that obtained from
agro-inﬁltration, suggesting a role for helicase ATPase activity in the
regulation of VRC formation.
Alterations in the ability of the 126-kDa protein to hydrolyze ATP
or bind RNAmay have affected its association with the cellular ER and
thus the formation of VRC like bodies. We investigated this possibility
through the transient expression of either the wild-type or the motif I
mutant K839S 126-GFP fusion constructs within onion epidermal
cells. Cells displaying GFP ﬂuorescence were subsequently stained
with the ER/mitochondria stain rhodamine B hexyl ester (Terasaki
and Reese, 1992). Results demonstrated that the overall association of
the K839Smutant protein with the ERwas similar to that observed for
the wild-type 126-GFP (Fig. 6). Thus, disruption of helicase ATPase
and RNA binding activities does not alter the ER association of the
126-kDa protein.
To examine the detailed structural features of 126-kDa derived
cytoplasmic bodies, thin sections prepared from N. benthamiana leaf
tissues expressing thewild-type 126-GFP or the ATPase defective 126-
K839S-GFP constructs were analyzed by electron microscopy (EM).
Consistent with the confocal data, the cytoplasmic bodies formed by
the wild-type 126-GFP protein were small, granular and ovoid in
appearance and often contained vacuole-like areas (Fig. 7A and C). The
appearance of the wild-type 126-GFP was very similar to the
cytoplasmic bodies described by Saito et al. (1987) in early stage
TMV infected leaf tissues. In contrast, the 126-K893S-GFP protein
produced larger irregular cytoplasmic bodies (Fig. 7B and D) that
contained deﬁned tubule like inclusions that were similar in
appearance to those observed during late stage TMV infections (Esau
and Cronshaw, 1967; Hills et al., 1987). Immunogold labeling for the
detection of the fused GFP segment showed the localization of gold
particles almost entirely to these bodies (Fig. 7A–D).
Self-association of the TMV helicase domain results in a dimer and
higher ordered structures
Fluorescent and EM derived data indicate that the ability of the
TMV 126-kDa helicase domain to hydrolyze ATP is a factor in the
assembly and maturation of VRCs and corresponding cytoplasmic
bodies. To investigate the effects of ATPase activity on helicase
assembly, puriﬁed recombinant helicase polypeptides, including the
wild-type, K839S, and V1087I mutants were incubated under
physiologically relevant conditions (150 mM NaCl, pH 7.0). The
incubated products were then examined for their oligomeric forms
using gel ﬁltration chromatography. After 2 h incubation at room
temperature, a peak with a molecular mass equivalent to a dimeric
form (∼125 kDa) was observed from both wild-type and V1087I
helicase polypeptides (Fig. 8A). However, the mutant K839S formed a
structure with a molecular mass slightly higher (∼150 kDa) than the
predicted dimeric form of the protein (Fig. 8A). Overnight incubation
of all helicase polypeptides resulted in the appearance of higher
molecular-weight aggregates (Fig. 8B). Electron microscopy analysis
of the higher order aggregates from the wild-type peptide revealed
the presence of large aggregates as well as individual ring-like
structures similar to those previously observed from the helicase
domain (Fig. 8C) (Goregaoker and Culver, 2003). Similar analysis of
K893S aggregates primarily showed only large aggregates that
appeared to cluster together, producing a strand-like appearance
(Fig. 8C). Thus, both ATPase active (wild-type) and inactive (K839S)
peptides assemble into ordered aggregates with distinct differences.
Fig. 5. Helicase motif mutants induce two distinct classes of 126 kDa induced cytoplasmic bodies. (A) Full-length 126-GFP fusion constructs transiently expressed in N. benthamiana
leaf tissues via an agrobacterium-based system. Photos of leaf surfaces taken at 48 h post agro-inﬁltration. Bars=50 µm. (B) Western blot conﬁrming the expression of 126-GFP
constructs within agro-infiltrated leaf tissue. (C) Full-length 126-GFP fusion constructs transiently expressed in N. benthamiana leaf tissues via particle bombardment and in N.
tabacum cv. Xanthi suspension cells via electrophoration. Confocal images were taken 14 to 16 h post bombardment and 48 h post transfection, respectively. Bars=5 µm.
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dimer assemblies. This difference could represent a change in peptide
tertiary conformation or the formation of a slightly larger trimer
assembly. Such a change in the assembly kinetics of the helicase
domain could explain the different structural conﬁgurations observed
between ATPase active and inactive helicase peptides.
ATPase activity of the TMV helicase domain resides predominantly
within the monomeric and dimeric forms
To investigate the active form of the TMV helicase domain, different
conformations of the TMV helicase, including monomers, dimers and the
higher order structures, were obtained by gel ﬁltration fractionation and
assayed for their ability to hydrolyze ATP. Results demonstrated that theTable 1












Large cytoplasmic bodies 126K839S-GFP 10.98±1.49 −
126E907A-GFP 7.82±0.84 −
126R1076A-GFP 8.30±2.25 −
a Constructs were agro-inﬁltrated into leaf tissues and the average diameter±SD for
N50 ﬂuorescent bodies were measured.monomer and dimer forms of the TMV helicase could hydrolyze ATP
efﬁciently, while the higher-order aggregates showed little detectable
ATPase activity (Fig. 9D). It was previously shown that ATP reduces the
binding afﬁnity of the TMV helicase domain for single-stranded RNA
(Goregaoker and Culver, 2003). This link between RNA binding and ATP
could impact the ATPase activity of the different aggregates. To test this
possibility, selected fractions covering the dimer,monomer and aggregate
helicase forms were compared for ATPase activity in the absence and
presence of the 40 nt single strandedRNA (50 nM) used in the above RNA
binding assays. Results revealed no signiﬁcant change in the activity of the
different helicase fractions (data not shown), indicating that the presence
of RNA does not affect the ATPase activity of the TMV helicase domain.
Combined these ﬁndings suggest that the ATPase active form of the TMV
helicase domain resides within the monomer or dimer forms while the
larger order aggregates represent an inactive form.
Discussion
Characterizations of TMV replication complexes indicate they
undergo temporally deﬁned morphological changes during infection
(Hills et al., 1987; Saito et al., 1987; Szecsi et al., 1999). Deﬁned
changes in the appearance of these replicase-containing bodies
suggest that VRC maturation is a regulated process. In this study,
disruptive mutations introduced into key helicase motifs were
assessed for their effect on replicase function and VRC assembly.
Our interest in the helicase domain stems from its ability to self-
associate into larger aggregates and the correlation of this helicase
interaction with efﬁcient virus replication (Goregaoker and Culver,
2003; Goregaoker et al., 2001). Results indicated that helicase motifs
Fig. 6. ER association of helicase motif mutant K893S. Full-length TMV 126-GFP and 126K893S-GFP fusion constructs were particle bombarded into onion epidermal cells. i,
Rhodamine B hexyl ester ER staining in red; ii, GFP ﬂuorescence; iii, transmitted light; iv, overlay of i and ii. Bars=5 µm, N, nucleus.
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overall structure of the 126-kDa protein or its ability to self-associate.
However, ATPase activity was associated with the formation of earlyFig. 7. Electron micrographs of cytoplasmic bodies formed by 126-GFP and 126K839S-GFP in
cytoplasmic bodies in agro-inﬁltrated tissue via immunogold labeling and uranyl acetate st
boxes represent 3X magniﬁcations of the selected areas.infection-like VRC bodies by the 126-kDa proteinwhile the inability of
the helicase domain to hydrolyze ATP was associated with late
infection-like tubule forming bodies. Consistent with this ﬁnding weN. benthamiana. Immuno-detection of 126-GFP (A and C) and 126K839S-GFP (B and D)
aining. Arrows point to the cytoplasmic bodies. Ch, chloroplast; CW, cell wall. Outlined
Fig. 8. Helicase peptide assemblies. (A) Gel ﬁltration analysis of the wild-type and mutant (K839S and V1087I) helicase peptides. Under physiologically relevant conditions of
150 mM salt, pH 7, the wild-type and V1087I peptides form dimers while the K839Smutant forms a slightly larger aggregate. Protein peaks are detected by UV absorption at 280 nm
(y axis) over elution volume (x axis). The dashed line indicates the predicted elution point for a helicase dimer. Molecular weight markers thyroglobulin (670 kDa), gamma globulin
(158 kDa), ovalbumin (44 kDa), andmyoglobin (17 kDa) are indicated by arrows. (B) Higher order structures formed after overnight incubation under 150 mM salt, pH 7 conditions.
(C) Electron micrographs showing higher order structures formed by TMV helicase polypeptides after overnight incubations. Black arrows point to ring-like higher structures
produced by WtHEL. The outlined box represents a 4× magniﬁcation of the selected area. Bars=150 nm.
298 X. Wang et al. / Virology 402 (2010) 292–302determined that ATPase activity primarily resides within the helicase
monomer or dimer forms but not the larger aggregate forms.
Combined, these ﬁndings indicate that ATPase activity affects 126-
kDa protein body formation possibly reﬂecting the shift seen in active
replication structures from small granulated structures to larger
tubule-containing structures (Esau and Cronshaw, 1967; Hills et al.,
1987; Saito et al., 1987; Szecsi et al., 1999).
In addition to their primary function in viral replication, the 126/
183-kDa replication proteins are linked to a diverse array of additional
functions. Of note is their role as suppressors of RNAi (Ding et al., 2004;
Kubota et al., 2003). Additionally, the soluble non-membrane-associat-
ed portion of the 126/183-kDa proteins has been linked to its
suppressor activity (Hagiwara-Komoda et al., 2008). In this study,
disruption of the helicase ATPase and RNA binding activities by the
K893S substitution had no observable effect on 126/183-kDa suppres-
sor activities (Fig. 3C). Furthermore, ﬂotation assays investigating the
ratio of soluble vs. membrane bound replication proteins also displayed
no variation between the agro-expressed K893S protein and the
unmodiﬁedwild-type protein (data not shown). Similarly, we observed
no change in the ability of the helicase motif mutants to function as an
effector for the elicitation of the N gene resistance response (Fig. 3B).
Helicase motif mutations also did not disrupt the ability of the helicasedomain to interact with itself. Thus, while essential for replication the
ability of the helicase domain to hydrolyze ATP and bind RNA does not
appear to substantially affect the overall structure of the 126-kDa
protein.
The TMV helicase domain has been classiﬁed as a SF1 helicase
(Koonin and Dolja, 1993). Structural analyses of SF1 family members
(Escherichia coliRep andBacillus stearothermophilus PcrA) (Korolev et al.,
1997; Subramanya et al., 1996) reveal that helicase proteins within this
family have a similar tertiary structure and that the individual helicase
motifs are clustered and share extensive molecular interactions
(Caruthers and McKay, 2002). Thus, structural alterations in one motif
produce a broad effect on the function of the surrounding motifs. TMV
helicase motif mutants, with the exception of H1040A in motif V,
disrupted both ATPase hydrolysis and RNA binding, consistent with the
presenceofmotif interactionswithin theTMVhelicase. Interestingly, the
H1040Amotif mutant along with the unmodiﬁed wild-type and control
V1087Imutant all produced smallﬂuorescent bodieswhen expressed as
a full-length 126-kDa GFP fusion construct. In contrast, the other motif
mutants all produced large ﬂuorescent bodies when expressed as a full-
length 126-kDa GFP fusions. This ﬁnding suggests that the ATPase
activity of the TMV helicase domain affects how the 126-kDa protein
assembles in vivo.
Fig. 9. ATPase activity from the TMV helicase peptide resides mainly within monomer and dimer forms. (A, C) SDS-PAGE showing the presence of the wild-type TMV helicase
polypeptide in the different gel ﬁltration fractions. Collected fractions (50 μl) were resolved on 10% SDS-PAGE and stained with Coomassie blue. (B, D) ATPase assay of individual
helicase fractions. The location of aggregates and monomer and dimer forms of the TMV helicase peptides are indicated along the top.
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in plants has not beenwell studied at themolecular or structural level.
Electron microscopy studies of TMV infected leaf tissues at stages late
in infection lead to the identiﬁcation of cytoplasmic inclusions termed
X-bodies that contain the 126- and 183-kDa replication proteins and
were predicted to represent the site of virus infection (Esau and
Cronshaw, 1967; Hills et al., 1987). These late stage virus inclusion
bodies are irregular in shape and contain electron dense tubules or
“ropelike” structures. Similar investigations looking at newly infected
tissues showed the presence of ovoid inclusion bodies that were
granular in appearance (Saito et al., 1987). Virus expressed ﬂuores-
cence was used to more precisely identify and examine the stages of
infection (Szecsi et al., 1999). Replicase bodies at the leading edge of
the infection front, presumably active in virus replication, were ovoid
and more granular in appearance while bodies from behind the
infection front, presumably inactive for replication, displayed the
tubule-like structures observed in X-bodies. These observations
suggest that TMV VRCs and associated inclusion bodies have a deﬁned
maturation process. In support of such a process it has been
determined that replicase associated inclusion bodies at the leading
edge of the infection contained viral MP while those behind the
infection front did not (Szecsi et al., 1999), demonstrating both a
structural and compositional change in these bodies relative to the
stage of infection. In this study, we observed that the wild-type 126-
kDa protein produced smaller granular inclusion bodies containing
ﬁbrillar structures and vacuole-like areas, similar to virus inclusions
observed at the leading edge of the infection front (Figs. 5 and 7). In
contrast, expression of the K893S 126-kDa protein produced large
inclusion bodies that displayed tubule-like inclusions similar to those
found in X-bodies associated with cells behind the infection front
(Figs. 5 and 7). These ﬁndings demonstrate that the 126-kDa protein
alone can assemble into VRC-like inclusion bodies that correspond to
the different stages of infection. Furthermore, ATPase activity within
the helicase domain correlates with the formation of smaller granular
bodieswhile the disruptionof ATPase activity relates to the presence of
larger bodies that consist of tubule-like structures. These ﬁndingssuggest that the ATPase function of the TMVhelicase domain has a role
in the maturation of VRC inclusions over the course of infection,
possibly through structural changes that are mediated via ATPase
activity. Helicase conformational changes driven by ATP binding and
hydrolysis have been established in other systems. For example, high-
resolution structural analysis of hexameric SV40 large tumor antigen
showed protein conformational changes in the size/shape of the
hexameric central channel and the monomer–monomer interfaces
upon ATP binding (Gai et al., 2004). The subtle shift in the dimer gel
ﬁltration proﬁle of the K839S helicase mutant and its more rope-like
appearance in higher order fractions suggests that the helicase ATPase
motif is a factor in VRC assembly.
The ability of TMV helicase to hydrolyze ATP primarily as a
monomer or dimer suggests that the 126/183-kDa proteins likely
function in replication as dimers or small order aggregates. This is
consistent with studies demonstrating that replication functional 126-
and 183-kDa proteins co-purify in a one-to-one ratio (Watanabe et al.,
1999). It is not known if the large tubule containing cytoplasmic bodies
produced late in infection have a biological function or merely
represent the aggregation of “spent or extra” replication proteins.
Interestingly, the potyvirus CI peptide encodes the viral helicase
domain and has been shown to self-associate (Lopez et al., 2001).
Furthermore, the CI peptide forms the characteristic pinwheel
inclusions found in the cytoplasm of late infection cells. However,
the processes that contribute to the assembly of these distinctive CI
inclusions are unknown. The BMV helicase domain peptide 1a is
involved in replicase interactions and the formation of replication
spherules in yeast cells (Chen and Ahlquist, 2000; Schwartz et al.,
2002). However, while mutations of the different 1a helicase motifs
prevented virus replication they did not affect its association with the
ER, protein-protein interactions, or the formation of VRC associated
spherules (Wang et al., 2005). The ability of the TMV helicase domain
and more speciﬁcally helicase motifs that direct ATPase activity to
affect the assembly of the 126-kDa protein represents the ﬁrst
evidence that an enzymatic process critical for RNA virus replication
can modulate replicase assembly and VRC maturation.
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Construction of helicase motif mutants and vectors
A PCR-based site-directed mutagenesis method was used to create
point mutations within the TMV helicase domain (nt 2508 to 3419) of
vector pTMV007 (Lewandowski and Dawson, 1998). The ﬁnal helicase
motif mutants were p007-E907A, p007-H1040A, and p007-R1076A.
Mutant p007-K839S was kindly supplied from Dr. Dawson's group,
University of Florida (Lewandowski and Dawson, 2000). Mutant
p007-V1087I was derived from a yeast TMV pLexA-helicase construct
produced by a random mutagenesis method as described previously
(Goregaoker et al., 2001). Full-length TMV wild-type and motif
mutant clones were used as the parental templates to make all other
plasmid constructs.
For expression of helicase polypeptides, the C-terminal portion of
the wild-type andmutant TMV 126-kDa open reading frames (ORF, nt
1962 to 3419) were PCR-ampliﬁed to contain 5′ KpnI and 3′ XhoI
restriction sites and cloned in-frame into the expression vector
pTrcHisA (Invitrogen, Carlsbad, CA), creating pTrcHis-HEL wild-type
or mutant constructs containing an N-terminal hexa-histidine tag.
Production of the hexa-histidine taggedwild-type helicase peptide for
transient expression in plant cells was achieved by the PCR addition of
5′ SalI and 3′ KpnI sites to the hexa-histidine tagged ORF from wild-
type pTrcHis-HEL followed by ligation into the polylinker region of the
plant expression vector pBI121 (Clonetech, Palo Alto, CA), creating
pBI-6xHis-HEL. Production of HA-tagged wild-type and motif mutant
helicase plant expression constructs was done by cloning individual
helicase segments (nt 1962 to 3419) containing PCR added 5′ SalI and
3′ PstI restriction sites behind the HA tag of pPily (Ferrando et al.,
2000). These helicase segments together with a double CaMV 35S
promoter were then introduced into the binary vector pBin19PLUS
(van Engelen et al., 1995) via unique KpnI restriction sites to produce
pBin-HA-HEL/mutants. Both pBI-6xHis-HEL (wild-type) and pBin-
HA-HEL (wild-type or mutant) were transformed into A. tumefaciens
strain GV3101 separately (Holsters et al., 1978).
An expression vector, pCMC-126-GFP, harboring the full-lengthwild-
type 126-kDaORF (nt 69–3419) fused to the enhanced green ﬂuorescent
protein (GFP) ORF was previously described (dos Reis Figueira et al.,
2002). Mutant pCMC-126-GFP constructs carrying point mutations
within the helicase domain were created by inserting 126-kDa ORFs
from respective full-length p007 mutant clones into pCMC-126-GFP via
unique PCR generated NcoI and BsiWI sites. Another expression vector,
pAVA,was used to express the 126-kDaprotein in protoplast (vonArnim
et al., 1998). pAVA-126-GFP and helicase motif mutants were created by
ligating PCR-generated 126-kDa-GFP fusions containing 5′ NcoI and 3′
PstI sites into similarly cut pAVA.
Expression and puriﬁcation of TMV helicase and mutant polypeptides
To purify hexa-histidine-tagged TMV helicase and mutant poly-
peptides, Escherichia coli BL21 codon (+) cells harboring pTrcHisA-
HEL wild-type and mutant constructs were grown at 37 °C in Luria–
Bertani (LB) media (100 µg/ml of ampicillin and 50 µg/ml of
chloramphenicol) to an OD600 of 0.5. The culture was then induced
by the addition of 1 mM isopropyl-β-D-thiogalactopyranoside fol-
lowed by continuous shaking at 16 °C overnight. The cells were
harvested and resuspended in lysis buffer containing 10 mM Tris, pH
8.0, 10% glycerol, 500 mM NaCl, and 1 mg/ml lysozyme. Cell lysates
were incubated at 4 °C for 1 h and further disrupted by pulse
sonication for 3 minutes. The resulting protein extract was centri-
fuged at 4 °C and the supernatant applied to a 1 ml Ni-NTA afﬁnity
column (GE Healthcare, Piscataway, NJ). The column was washed
with 10 column volumes of lysis buffer followed by 5 column volumes
of wash buffer (lysis buffer plus 20 mM imidazole). The protein was
eluted in elution buffer (lysis buffer plus 150 mM of imidazole). Theconcentration of the eluted protein was determined via Bradford
assay (BioRad, Hercules, CA).
ATPase and RNA binding assays
The ATPase activity of TMV wild-type and mutant helicase
polypeptides was examined by mixing 0.5 µCi of [γ-32P]ATP (Perkin
Elmer, Boston, MA) with puriﬁed proteins (20 ng or 100 ng) in a
buffer containing 20 mM HEPES-KOH, pH 7.5, 5 mM MgCl2, 1 mM
DTT, and 40 µm ATP for 30 min at 37 °C. The reaction was stopped by
the addition of 0.1 M EDTA and 25% of the reaction mixtures were
spotted onto polyethyleneimine-cellulose thin layer chromatography
(TLC) plates (Fisher, Malvern, PA). The released phosphate was
separated from ATP in developing buffer containing 1 M formic acid
and 0.5 M LiCl and further visualized by PhosphorImager (Molecular
Dynamics, Sunnyvale, CA).
To determine RNA binding activities, puriﬁed TMV wild-type and
mutant helicase polypeptides (0, 15, 30, 60, 125, and 250 µmol) were
immobilized on a pre-wetted nitrocellulose membrane using a 96-well
dot-blot apparatus (Minifold I, Schleicher & Schuell). The membrane
was incubated with 5 nM of a 32P-end labeled 40-mer RNA (5′-
UUUGUUUGUUUGUUUGCCAUCGGGUGCCUGGCCGCAGCGG-3′) over-
night in RN buffer (25 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 150 mM
NaCl, 0.1% Triton X-100, and 1X Denhardt's solution). After washing the
membrane four times in RN buffer, the membrane was air dried and
visualized via PhosphorImager.
Gel ﬁltration chromatography
Chromatography studies utilized puriﬁed TMV helicase and
mutant peptides (∼100 µg each) incubated in S buffer (10 mM Tris,
pH 7.0, 10% glycerol, 150 mM NaCl) at room temperature. Incubated
peptides were then loaded onto gel ﬁltration superdex 200 HR 10/30
columns (GE Healthcare, Piscataway, NJ) that was pre-equilibrated
with 1.5X bed volumes of S buffer. Columns were run at 4 °C with a
ﬂow rate of 0.2 ml/min and individual fractions (250 µl each)
collected.
Co-immunoprecipitation assays
A. tumefaciens cultures carrying hexa-His- and HA-tagged helicase
polypeptides were grown at 30 °C overnight. After centrifugation, the
culture was resuspended in inﬁltration medium (10 mM MES, pH 5.7,
10 mMMgCl2, 150 µm acetosyringone) at OD600 of 0.5 and co-inﬁltrated
into N. benthamiana leaves. Forty-eight hours post-agro-inﬁltration, the
inﬁltrated plant tissues were ground in liquid nitrogen and homogenized
in two volumes of extraction buffer (50 mM Tris–HCl at pH 8.0, 150 mM
NaCl, 0.5% TritonX-100, 0.2% 2-mercaptoethanol, 5% glycerol, 1 mM
PMSF). Ground tissues were pelleted by centrifugation for 10 min at
17,000g. The supernatant (1 ml) was incubated with 5 µl of anti-polyHis
antibody (Sigma, St. Louis, MO) at 4 °C overnight with gentle shaking
followed by the addition of 30 µl of protein A agarose (Invitrogen,
Carlsbad, CA) for additional 3 h. The agarose–immune complexes were
then centrifuged and washed three times in 1 ml wash buffer (25 mM
Tris–HCl at pH 7.5, 250 mMNaCl, 2 mM EDTA, 0.05% TritonX-100, 1 mM
PMSF). After the last wash, the precipitated protein complexes were
resuspended in 2× sample buffer and analyzed by SDS-PAGE andwestern
blotting with antibody against the HA epitope (Roche, Indianapolis, IN).
Negative control constructs carrying HA-tagged Arabidopsis ORFs for 14-
3-3λ (At5g10450) and PAPP2C (At1g22280) were kindly supplied by Dr.
S. Xiao, University of Maryland.
Transient expression assays
N gene elicitation assays utilized A. tumefaciens carrying pBin-HA-
HEL (wild-type or mutants), pBin-GFP, or pBin and inﬁltrated as
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tissues were covered. The hypersensitive response (HR) was observed
at 4 days post-inﬁltration.
A particle bombardment method was used to express TMV 126-
kDa wild-type andmutant ORFs in N. benthamiana or onion epidermal
cells. Brieﬂy, plasmid DNA (pCMC-126-GFP or 126-mutants-GFP) was
coated onto tungsten particles (1.3 µM in diameter; Bio-Rad, Hercules,
CA) in ethanol. The DNA-coated particles were dried on plastic ﬁlters
and bombarded into leaf tissues as previously described (dos Reis
Figueira et al., 2002). After incubating the bombarded tissues for 12 to
14 h at room temperature, GFP ﬂuorescence was visualized by
confocal microscopy.
Expression of TMV 126-kDa protein in protoplasts was done by
introducing the 126-kDa plasmid constructs (pAVA-126-GFP or pAVA-
126-mutants-GFP) into N. tabacum cv. Xanthi suspension cells (50 µg
per 6×106 cells) via electroporation at 300 V and 600 µF. The
protoplasts were then cultured in AOKI growth media (0.5 M D-
mannitol, 10 mM MES, 10 mM CaCl2·2H2O, 0.2 mM KH2PO4, 1 mM
KNO3, 1 mM MgSO4·7H2O, 1 M KI, 0.01 M CuSO4, and 3% sucrose) for
48 h at room temperature and GFP ﬂuorescence was visualized via
confocal microscopy.
Virus replication and RNA suppression
Protoplast replication assays utilized tobacco protoplasts prepared
from N. tabacum cv. Xanthi suspension cells (6×106 cells per rxn)
transfected with TMV wild-type or mutant RNA transcripts via
electroporation (125 Vand300 µF). After being cultured inAOKI growth
media for 20 h at roomtemperature, theprotoplastswereharvestedand
total RNA was extracted followed by a standard northern blot assay
(Sambrook et al., 1989). 32P-labelled probe was made by using a NcoI/
KpnI digested TMV007 fragment corresponding to TMV nt 5460 to 6394
using a Prime-a-Gene Labeling System (Promega, Madison, WI) as
described by manufacturer's protocol.
RNAi suppression assays used a GFP hairpin construct generated by
annealing two sets of primers encoding complementary GFP ORF
sequences (nt 332 to 390) separated by a nine nucleotide non-
palindromic linker. Annealed primers were ligated into the vector pPily
and subsequently into the binary vector pBin19PLUS to produce pBin/
hpGFP. Full-length 126 kDa constructs (nt 69 to 3419) were created via
PCR addition of 5′ Nco1 and 3′ PstI sites for insertion into pPily and
subsequently into the binary vector pBin19PLUS. A pBI construct for
expression of the targetGFPORF, containing the ER retention signalHDEL,
was supplied by Dr. S. R. Kramer. A. tumefaciens cultures from the
constructs pBin, pBI/GFP-HDEL, pBin/hpGFP, pBin/126 kDa, or pBin/
126K839S were grown in LB medium and resuspended in inﬁltration
media toanOD600of0.6andequal volumesof selected culturesmixedand
co-inﬁltrated intoN. benthamiana leaves. Inﬁltrated leaveswere viewedat
3 dpi under long wavelength UV illumination and photographed using a
EOS D60 digital camera (Canon, Tokyo) with a yellow 2 ﬁlter (Tiffen,
Hauppauge, NY). The images were further processed using Photoshop
(Adobe, San Jose CA).
Microscopy and imaging
A Zeiss LSM 510 laser-scanning confocal microscope (Carl Zeiss Inc.,
Thornwood, NY) was used to visualize ﬂuorescent images. GFP
ﬂuorescence was excited by using a 488-nm argon laser beam and
emission was captured at between 500 and 560 nm. For rhodamine B
hexyl ester staining, a 543-nm laser was used for excitation with
emissioncapturedbetween585and615 nm. Imageswere takenunder a
63X 1.2-numerical-aperture water immersion lenses and further
analyzed with Zeiss LSM Imager Examiner software, version 3.0.
Puriﬁed TMV helicase polypeptides were applied on carbon-
coated copper grids and stained with 1% uranyl acetate. The grids
were then dried and visualized using a Zeiss EM 10CA transmissionelectron microscope (TEM). For thin-section electron microscopy,
agro-inﬁltrated tissues (∼1 mm3) were ﬁxed in 2% glutaraldehyde
and followed by embedding in LR White resin as previously described
(Newman et al., 1982). Thin sections (between 60 and 90 nm) were
mounted on Formvar-carbon coated nickel grids and incubated with a
1:200 dilution of anti-GFP (Abcam, Cambridge, MA) at 4 °C overnight.
After three buffer washes, the sections were incubated in a 1:50
dilution of the secondary antibody conjugated to 10-nm gold particles
(EMS, Hatﬁeld, PA). Prior to TEM visualization, the immunogold-
labelled sections were stained with 2% uranyl acetate for 5 min.
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